Magnonics represents a promising alternative to conventional electronics for the development of energy efficient computing platforms. In this context, the nanoscale engineering of spin textures is highly appealing for the development and realization of new nanomagnonic device concepts. Here, we show that reconfigurable nanopatterned spin textures can be used to manipulate spin waves. Magnetic domains and domain walls are written by thermally assisted magnetic scanning probe lithography (tam-SPL) in exchange bias systems. In such structures, we demonstrate through microfocused Brillouin Light Scattering and time resolved scanning transmission X-ray microscopy measurements, the channeling and propagation of confined spin waves. This work opens the way to the use of engineered spin-textures as building blocks of magnonics computing devices.
INTRODUCTION
Magnonics relies on the use of spin-waves for implementing logic and computation platforms. Due to the absence of Joule heating, their vectorial and non-linear nature, spin-waves hold promises for an efficient data transport and processing. Despite in the last years many concept of spin-waves devices have been proposed [1] [2] [3] [4] [5] , the excitation, transport and manipulation of spin-waves is still a challenge. Conventionally, the control of spin-waves is achieved via physically patterning magnetic nanostructures 6 such as magnonic crystals, and magnetic micro-nanowires 7 . However, the channeling and propagation of spin-waves in this physically patterned channels is highly inefficient, due to the need of magnetic fields for spatially shaping the magnetization profile [8] [9] [10] . Recently, the concept of using spin-textures to manipulate spin-waves has been proposed [11] [12] [13] [14] , taking one step further in the route towards the realization of nanomagnonics devices. As a possible solution to the aforementioned problems, recently, a new approach has been proposed by some of the authors, based on the patterning of spin textures in a continuous exchange biased film via thermally-assisted magnetic Scanning Probe Lithography (tam-SPL) [14] [15] [16] By scanning the heated tip on the substrate in presence of an external magnetic field, the system undergoes a localized field cooling which sets the unidirectional anisotropy arising from the exchange bias in the direction of the external field. When the magnetic field is removed, magnetic domains and domain walls are stabilized by the local exchange bias written via tam-SPL. The patterning is completely reconfigurable, since it can be erased and rewritten with a combination of heating and external field. The absence of a physical patterning, the stability of exchange bias, and the reversibility of the magnetic patterning allows for developing fully reconfigurable magnonic structures.
In this work, 90 deg domains and 180 deg domain walls have been patterned via tam-SPL. Through microfocused Brillouin Light Scattering (μBLS) and time-resolved X-ray microscopy (STXM) experiments, we show the confinement and efficient propagation of spin-waves in these micro-and nanochannels without the application of external magnetic fields. The engineering of spin textures at the nanoscale via tam-SPL opens the way to the realization of integrated nanomagnonics computing devices. During the deposition, a 30 mT magnetic field was applied in the sample plane for setting the magnetocrystalline uniaxial anisotropy direction in the CoFeB layer and the exchange bias direction in the as-grown sample. Then, the samples underwent an annealing in vacuum at 250 °C for 5 minutes, in a 400 mT magnetic field oriented in the same direction as the field applied during the growth 18 .
SAMPLES FABRICATION
Micron sized 90 deg domains were patterned on type A sample, via tam-SPL, using a customized Keysight 5600LS scanning probe system, equipped with silicon cantilevers integrated with a Joule-heating resistive heater 19, 20 . A National Instruments DAQ NI USB-6211 in combination with MATLAB scripts and Keysight PicoView software were employed for controlling the heater temperature and the tip movement. For patterning, the thermal cantilever was raster-scanned in a zig-zag fashion in contact mode with a speed of 3 μm s -1 . The separation between the lines during the scan was set to 62.5 nm. 180 deg Néel domain walls were patterned on type B sample via tam-SPL, using a NanoFrazor Explore (SwissLitho AG). The heating time was 40 μs pixel -1 , with a 10 nm x 10 nm pixel size. In both cases, two rotatable permanent magnets were employed for generating a uniform external magnetic field of 60 mT applied in the sample plane during patterning.
After the magnetic patterning, 50 nm thick SiO 2 insulating layer was deposited by RF magnetron sputtering. In order to excite spin-waves, coplanar waveguides (CPW) and microstrip antenna were fabricated on samples type A and B, respectively. Coplanar waveguides with a ground to ground distance of 12 μm (see Fig. 1b ) were patterned using a LEO system equipped with Elphy Plus Raith pattern generator. A Ti (7 nm)/ Au (100 nm) bilayer was grown via magnetron sputtering. 2 μm × 30 μm microstrip antennas (see Figure 1c) were fabricated via optical lithography using a Heidelberg MLA100 Maskless Aligner. A Cr 5 nm / Cu 200 nm bilayer was deposited by means of thermal evaporation.
SAMPLES CHARACTERIZATION
The hysteresis loop of the samples after the annealing process measured by Vibrating Sample Magnetometry (VSM) are reported in Fig. 2 . Both type A (panel a) and type B (panel b) samples display a sizable exchange bias of ~7.5 mT and ~3 mT, respectively (H E in Fig.2) . The different H E in the two samples arises mainly from the different CoFeB thickness. The blocking temperature (T B ) of the system 17 for type A sample, resulting from controlled inclusion of Ru impurities, is about 160°C. As displayed in Fig. 2a , a field cooling from 200°C in +400 mT is therefore effective in completely shifting the initial hysteresis loop (turquoise line and dots) towards negative values (see the magenta loop), therefore reversing the exchange bias. In type B sample, due to the larger IrMn thickness and the absence of Ru impurities, T B is about 300°C. Figure 2 . a. Hysteresis loops from type A sample measured after the initialization annealing at 250°C in -400 mT (turquoise line and dots) and after a field cooling from 200°C in +400 mT (magenta line and dots). b. Hysteresis loops from type B sample measured after the initialization annealing at 250°C in -400 mT (turquoise line and dots) and after a field cooling from 350°C in +400 mT (magenta line and dots).
The sample is stable up to 350°C, as the hysteresis loop measured after a field cooling from 350°C in +400 mT magnetic field demonstrates in Fig. 3b (magenta line and dots) , where the exchange bias has been completely reversed without affecting its intensity. Both type A and type B samples are therefore suitable samples to perform tam-SPL, since the exchange bias and thus the unidirectional anisotropy can be controlled by performing different field coolings. 
SPIN-WAVE PROPAGATION IN PATTERNED SPIN TEXTURES
The patterned spin textures constitute micro-and nanochannels for the propagation of localized spin-waves modes.
Spin-waves confinement and propagation within the micron sized domains of type A sample was demonstrated by microfocused Brillouin Light Scattering (μ-BLS) measurements. μ-BLS experiments were performed focusing about 5 mW of monochromatic light at 532 nm, from a Diode-Pumped-Solid-State (DPSS) laser, with a microscope dark-field objective of large numerical aperture (NA = 0.75) and super-long working distance (4.7 mm) 24 . In order to visualize the laser spot and the sample region under investigation, a coaxial viewing system was exploited, using the same objective, a collimated LED light source (455 nm wavelength), a beam expander and a CCD camera. A RF current between 2 and 10 GHz was injected in the coplanar waveguide through a picoprobe, in order to excite spin-waves (see Fig. 1b ). During μ-BLS measurements, the sample holder and the BLS spectrometer are controlled by the TFPDAS4-MICRO and TFPDAS4 software, developed at Kaiserslautern University, which provides an active stabilization of the lateral and vertical position of the sample with a precision of about 50 nm. Figure 4a shows the color-coded spin-waves intensity in a logarithmic scale measured at remanence, immediately outside the CPW, as a function of the x-position. The red dashed lines corresponds to the domains boundaries, as can be evinced by the MFM image of the top panel. It is worth to mention that, with this CPW configuration, spin-waves are efficiently excited exclusively by the coupling of the in plane dynamical component of the magnetization and the in plane Oersted field generated by the CPW. This coupling happens only in the patterned domains where the static magnetization lies parallel with respect to the CPW (white arrow in the MFM image of the top panel). Moreover, only in these domains (red star in panels a and b) spin-waves propagate efficiently, while in the others (blue star in panels a and b) they rapidly attenuate. The patterned domains represent therefore microchannels for spin-waves. Spin-waves propagates for more than 2.5 μm as can be observed in Fig. 4b , which shows the color-coded spin-waves intensity as a function of the distance from the CPW (y-position).
Spin-waves propagation in the domain walls patterned on type B sample has been measured 25 with spatial and temporal resolution by scanning transmission X-ray microscopy (STXM) at the PolLux (X07DA) endstation of the Swiss Light Source 26 . Monochromatic X-rays, tuned to the Co L3 absorption edge (photon energy of about 781 eV), are focused using an Au Fresnel zone plate onto a spot on the sample, and the transmitted photons are recorded using an avalanche photodiode. The sample is scanned using a piezoelectric stage, and the transmitted X-ray intensity is recorded for each step corresponding to a pixel of the image. Magnetic contrast arises from the X-ray magnetic circular dichroism (XMCD) effect. In order to be sensitive to the in-plane component of the sample magnetization M y , the samples were mounted with the surface oriented at 30 deg with respect to the incident X-rays, as the XMCD effect probes the component of the magnetization parallel to the wave vector of the radiation. The time-resolved images were acquired stroboscopically, using an RF magnetic field generated by injecting an RF current in a microstrip antenna. The pumping signal of the injected current was synchronized to the 500 MHz master clock of the synchrotron light source (probe signal) through a field programmable gate array (FPGA) setup. In the specific condition of the present work, the phase resolution in the time-resolved images was about 15 deg. The temporal resolution depends on the RF frequency, with its lower limit given by the width of the X-ray pulses generated by the light source (i.e. about 70 ps FWHM). Figure 5 displays snapshots of the normalized M y contrast in correspondence of the 180 deg Néel domain wall of type A sample, calculated as the magnetic deviation ∆M y (t) from the time-averaged state 〈M y (t)〉, acquired at different times within a single period. The excitation frequency was 0.95 GHz and no static external magnetic field was applied. From the normalized M y contrast, it is possible to observe spin-waves, confined at the domain wall, propagating away from the antenna (yellow dashed line in the bottom of first snapshot) for more than 2 μm. The profile extracted at y = 1.1 μm from the microstrip antenna (panel b) shows that the spin-waves lateral extension (FWHM) is 150 nm, compatible with the domain wall width 23 , confirming that the mode is confined at the wall.
CONCLUSIONS
In this, work we show that via tam-SPL it is possible to pattern with nanoscale resolution spin textures in an exchange bias system. This opens the way to a plethora of new applications, from nanoplasmonics to spintronics. In particular, here we demonstrate that reconfigurable nanopatterned spin textures can be used to manipulate spin-waves. By μBLS and STXM measurements, we show that spin-waves can be confined in micron-sized 90 deg domains and nano-sized 180 deg domains walls patterned via tam-SPL. While they are localized in the transverse direction, these modes are able to efficiently propagate along the patterned micro-and nano-channels for distance of several microns without the application of external magnetic fields. These results pave the way to the use of tam-SPL for the realization of integrated nanomagnonic computing devices based on spin textures.
